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Summary
• Shade and warmth promote the growth of the stem but the degree of mechanistic convergence and 
functional association between these responses is not clear. 
• We analysed the quantitative impact of mutations and natural genetic variation on the hypocotyl 
growth responses of Arabidopsis thaliana to shade and warmth, the relationship between the 
abundance of PHYTOCHROME INTERACTING FACTOR 4 (PIF4) and growth stimulation by shade 
or warmth, the effects of both cues on the transcriptome and the consequences of warm temperature 
on carbon balance.
• Growth responses to shade and warmth showed strong genetic linkage and similar dependence on 
PIF4 levels. Temperature increased growth and phototropism even within a range where damage by 
extreme high temperatures is unlikely to occur in nature. Both cues enhanced the expression of 
growth-related genes and reduced the expression of photosynthetic genes. However, only warmth 
enhanced the expression of genes involved in responses to heat. Warm temperatures substantially 
increased the amount of light required to compensate for the daily carbon dioxide balance. 
• We propose that the main ecological function of hypocotyl growth responses to warmth is to 
increase the access of shaded photosynthetic organs to light, which implies functional convergence 
with shade avoidance.  
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Introduction
Mutual shading among plants reduces the amount of photosynthetically active radiation received by 
each individual, compromising seed production (Poorter et al., 2019) and hence  fitness. Plants 
exposed to light cues that indicate the presence of nearby non-shading neighbours or the occurrence 
of actual shade,  exhibit shade-avoidance responses, which in Arabidopsis thaliana include the 
promotion of hypocotyl and petiole growth and the elevation of the leaves (hyponasty) (Casal, 2013; 
Ballaré & Pierik, 2017).  These responses place the photosynthetic organs (cotyledons, leaf lamina) 
at a higher stratum of the canopy, where strong shade is less likely. 
Exposure to temperatures above 30°C causes reductions in plant growth and foliar damage 
imposing severely impaired fitness to A. thaliana plants (Lippmann et al., 2019). Warm temperatures 
below those extremes promote thermomorphogenic responses, such as hypocotyl and petiole growth 
and leaf hyponasty (Quint et al., 2016; Casal & Balasubramanian, 2019). These responses increase 
evaporative cooling capacity and could therefore reduce the chances of heat damage (Crawford et 
al., 2012; Bridge et al., 2013). In other words, neighbour cues provided by the light environment and 
temperature cues indicative of the likely occurrence of heat could converge on similar growth 
responses but for different ecological goals. 
In addition to the similarities in growth patterns, shade avoidance and thermomorphogenesis 
share molecular players. PHYTOCHROME INTERACTING FACTORS 4 (PIF4) (Lorrain et al., 2008; 
Koini et al., 2009; Franklin et al., 2011; Hornitschek et al., 2012) and (PIF7) (Li et al., 2012; Huang et 
al., 2018; Fiorucci et al., 2020; Chung et al., 2020) are bHLH transcription factors that increase their 
abundance in response to cues from neighbours or warm temperatures. They bind to the promoters 
of YUCCA genes enhancing their expression and elevating the levels of auxin (Li et al., 2012; 
Hornitschek et al., 2012; Chung et al., 2020). Auxin is produced mainly in the cotyledons and travels 
to the hypocotyl to promote cell expansion and elongation (Procko et al., 2014; Bellstaedt et al., 
2019). PIF4 has also a role in the hypocotyl, where it promotes growth, particularly when auxin levels 
have already declined under persistent shade (Pucciariello et al., 2018). CONSTITUTIVE 
PHOTOMORPHOGENIC 1 (COP1) is an E3 ligase (Lau & Deng, 2012). Both shade and warmth 
enhance the nuclear abundance of COP1 (Pacín et al., 2013; Park et al., 2017) favouring the contact 
between COP1 and the negative regulators of PIFs in the nucleus (Pacín et al., 2016; Park et al., 
2017; Blanco-Touriñán et al., 2020). Phytochrome B (phyB) is one of the most influential photo-
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characteristic of sunlight phyB is highly active and inhibits shade-avoidance responses. The 
presence of green neighbours that reflect or transmit more far-red light than red light reduces phyB 
via photochemical reactions (Sellaro et al., 2019). Warm temperatures also reduce phyB activity but 
by thermal reversion (Jung et al., 2016; Legris et al., 2016). Low red / far-red ratios reduce phyB 
activity and hence increase PIF4 (Lorrain et al., 2008), PIF7 (Huang et al., 2018) and COP1 activity 
(Pacín et al., 2013), allowing hypocotyl and petiole growth and leaf hyponasty to proceed. 
In addition to the shared sensing-signalling pathway, shade and warmth cues have specific 
entry points. Cryptochromes perceive the low blue-light levels of shade (Sellaro et al., 2010; Keller et 
al., 2011) and their action converges with that of phyB on PIFs (Pedmale et al., 2010; Ma et al., 
2016) and COP1 (Lau et al., 2019). Warm temperatures are also sensed by an RNA hairpin within 
the 5′ untranslated region of PIF7 transcript, which leads to enhanced translation and increased PIF7 
protein abundance in the warmth (Chung et al., 2020). A third sensor of temperature is EARLY 
FLOWERING 3 (ELF3), which contains a polyglutamine repeat embedded within a predicted prion 
domain and shifts between active and inactive states via phase transition (Jung et al., 2020). ELF3 is 
a component of the EVENING COMPLEX, which shows reduced binding to DNA in the warmth (Silva 
et al., 2020). ELF3 is a repressor of PIF4 and PIF5 expression (Nusinow et al., 2011; Ezer et al., 
2017). Furthermore, ELONGATED HYPOCOTYL 5 (HY5) and LONG HYPOCOTYL IN FAR-RED 
(HFR1) are negative regulators of PIFs (Hornitschek et al., 2009; Delker et al., 2014; Johansson et 
al., 2014) and both are targets of COP1 (Osterlund et al., 2000; Duek et al., 2004). Yet, HY5 
decreases with warmth and not with shade and HFR1 decreases with shade but not with warmth 
(Foreman et al., 2011; Pacín et al., 2016; Park et al., 2017).    HISTONE DEACETYLASE 9 (HDA9) 
facilitates binding of PIF4 to auxin synthesis genes and promotion of hypocotyl growth at warm 
temperature, but the growth response to neighbour cues does not require HDA9 (Van Der Woude et 
al., 2019). 
The functional significance of the convergence and divergence of light and temperature 
information through shared and specific molecular players is not clear. To address this issue, we 
analysed the extent of the convergence in terms of quantitative impact of different signalling 
components in both responses, the differences and similarities in the associated changes in 
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Plant material
Seeds of Arabidopsis thaliana were sown on 0.8 % agar-water in clear plastic boxes (8 x 5 x 2 cm), 
stratified 5-7 d at 5 ºC in darkness and transferred to a growth room at 22°C with a photoperiod of 10 
h of 100 μmolm−2 s−1 of white light (400–700 nm) provided by a mixture of fluorescent and halogen 
lamps (red/far-red ratio = 1.1). Except for the experiments aimed at analysing natural variation, we 
used the background Columbia for all genotypes. The mutants, transgenic lines and accessions are 
listed in Table S1. 
Light and temperature treatments under controlled conditions
The seedlings were transferred to the treatment conditions at the beginning of the fourth day. 
Treatments involved all possible combinations of three temperatures (14°C, 20°C and 28°C) and four 
different light conditions (white light simulating sunlight, mild shade, moderate shade or deep shade). 
The red / far-red ratios were: 1.1, 0.8, 0.4 and 0.1 and the irradiances between 400 and 700 nm were 
100, 70, 48 and 18 μmol . m-2 . s-1, respectively.  Some experiments did not include the conditions 
with 14°C and/or mild and moderate shade. The light sources and spectra were as described 
(Romero-Montepaone et al., 2020). 
Field experiments
The seedlings were transferred to the experimental field of Facultad de Agronomía, University of 
Buenos Aires (latitude: 34.5914, longitude: 58.4798), at the beginning of the fourth day in ten 
different sowing dates between June (winter) and February (summer). In the field, the plants were 
exposed to unfiltered sunlight or shade from either a short or a tall grass canopy. The average red / 
far-red ratios across experiments were 1.1, 0.6 and 0.2, respectively. Light and temperature 
conditions inside the boxes were recorded as described (Romero-Montepaone et al., 2020).
Hypocotyl and cotyledon growth
In hypocotyl-growth experiments, the seedlings were grown parallel to the agar surface and 
photographed from the side at the beginning and at the end of the photoperiod of the fourth day. For 
cotyledon expansion, the seedlings were grown normal to the agar surface and photographed from 
the top at the beginning and at the end of the photoperiod of the fourth day. Hypocotyl length and 
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increments during the 10 h of the photoperiod were calculated to obtain hourly rates. Compared to 
the control at 20°C, 28°C enhanced the rate of hypocotyl extension growth but not the rate of 
cotyledon expansion (Fig. S1), confirming that the criterion of specificity in the response to 
temperature between different organs is fulfilled.
Calculation of the impact of different mutations on the responses to shade and 
to warmth
We define the impact of a given mutation on the hypocotyl growth response as the ratio between the 
growth of such mutant and that of the wild type exposed to the same conditions. The impact is lower 
than 1 when the mutation reduces growth and higher than 1 when the mutation increases growth. 
We used the stepwise mode of multiple linear regression of Statistix to calculate the impact of 
different mutations on the response to shade and on the response to warmth. The response variable 
was the growth rate of the mutant. The explanatory variables were: a) the rate of growth of the wild 
type under the same light and temperature conditions, b) the growth rate of the wild type under the 
same light conditions, but under control temperature conditions, and c) the growth rate of the wild 
type under the same temperature conditions but under control light conditions. These explanatory 
variables yielded slopes a, b and c, respectively. Depending on the mutants slopes b and/or c were 
excluded (not statistically significant) by the stepwise analysis and its value was therefore null. The 
impact of the mutation on the response to shade is the sum of slopes a and b. The impact of the 
mutation on the response to warmth is the sum of slopes a and c. To illustrate these concepts, we 
applied the analysis to a set of imaginary mutants for which we defined a priori their impacts on the 
response to shade and on the response to warmth (Fig. S2). 
Confocal microscopy
We used a LSM5 Pascal laser-scanning microscope (Zeiss) with a water immersion objective lens 
(C-Apochromat 40x / 1,2; Zeiss). For chloroplast visualization, probes were excited with a He-Ne 
laser (λ = 543 nm) and fluorescence was detected using an LP560 filter. For visualization of 
GFP/YFP fusion proteins and DII-VENUS, probes were excited with an Argon laser (λ = 488 nm) and 
fluorescence was detected using a BP 505-530 and BP 505-570 filter respectively. Images were 
recorded 5 h after the beginning of the photoperiod when the seedlings were exposed to the different 
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Luminometer readings
Luciferase (LUC) activity was detected with a Centro LB 960 (Berthold) luminometer. Transgenic 
seedlings bearing the LUC reporter were incubated with 20 μL of 0.5 mM D-luciferin per well twenty-
four hours before starting to record luciferase activity. LUC activity was recorded 5 h after the 
beginning of the photoperiod when the seedlings were exposed to the different light/shade and 
temperature conditions.
RNA sequencing
Total RNA was extracted from three biological replicate samples with RNeasy Plant Mini Kit 
(QIAGEN) following the manufacturer’s protocols. To estimate the concentration and quality of 
samples, NanoDrop 2000c (Thermo Scientific) and the Agilent 2100 Bioanalyzer (Agilent 
Technologies) with the Agilent RNA 6000 Nano Kit were used respectively. Libraries were prepared 
following the TruSeq RNA Sample Preparation Guide (Illumina). Briefly, 3 μg of total RNA was polyA-
purified and fragmented, first-strand cDNA synthesized by reverse transcriptase (SuperScript II, 
Invitrogen) using random hexamers. This was followed by RNA degradation and second-strand 
cDNA synthesis. End repair process and addition of a single A nucleotide to the 3′ ends allowed 
ligation of multiple indexing adapters. Then, an enrichment step of 12 cycles of PCR was performed. 
Library validation included size and purity assessment with the Agilent 2100 Bioanalyzer and the 
Agilent DNA1000 kit (Agilent Technologies). Samples were pooled to create 6 multiplexed DNA 
libraries, which were pair-end sequenced with an Illumina HiSeq 1500 at INDEAR Argentina, 
providing 100-bp pair-end reads. Sequencing data are available at Gene Expression Omnibus, 
accession number: GSE162240.
Processing of RNA sequencing reads
Sequence reads were mapped to Arabidopsis thaliana TAIR10 (Lamesch et al., 2012) genome using 
TopHat v2.1.1 (Trapnell et al., 2009) with default parameters, except of maximum intron length set at 
5,000. Count tables for different feature levels were obtained from bam files using custom R scripts 
and considering TAIR10 transcriptome.
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Before differential expression analysis, we decided to discard genes with fewer than 10 reads on 
average per condition. Counts were normalised and transformed to continuous data using the Voom 
function (Law et al., 2014) in R (R Core Team, 2017). By using ANOVA with light or shade and 20°C 
or 28°C as main effects we identified 2225 genes with q values (Storey & Tibshirani, 2003) of 
treatments lower than 0.05 (Table S2). These genes were then grouped according to the significance 
(p <0.05) of the main effects of light and/or temperature treatments. 
Functional category enrichment analysis
Functional categories defined by gene-ontology (GO) terms associated with the gene clusters were 
identified by using the BioMaps tool from the virtual plant software (http://virtualplant.bio.nyu.edu/cgi-
bin/vpweb). This tool determines which functional categories are statistically over represented in 
particular lists of genes compared to the entire genome (Katari et al., 2010). For different functional 
categories we calculated the representation factor, which is the ratio between the frequency of genes 
of that category in the cluster (observed frequency) and the frequency of genes of that category 
among the genes expressed in our experiment (expected frequency). Representation factors >1 and 
 <1 indicate more and less overlap than expected by chance, respectively. The probability of finding 
an overlap simply by chance was determined using the hypergeometric probability formula (Table 
S3). We followed a similar procedure for metabolic pathways from AraCyc (Mueller et al., 2003). 
Enrichment of binding motifs
We explored the similarities in transcription factor binding patterns among the different gene 
expression clusters. We calculated the relative enrichment of binding target genes by transcription 
factors as the ratio between the proportion of targets in the cluster and the proportion of targets in the 
genome (Table S4a). We used Plantpan3.0 (http://PlantPAN.itps.ncku.edu.tw, Chow et al., 2019) for 
the analysis of similarity because it is based on chip-seq data. After standardisation (subtraction of 
the mean followed by division by the standard deviation of each transcription factor), we used Pvclust 
(https://cran.r-project.org/web/packages/pvclust/index.html, Suzuki & Shimodaira, 2006) for 
hierarchical clustering and assessment of cluster uncertainty.  To investigate the specific   
overrepresented transcription binding sites in each expression cluster we used PlantRegMap 
(http://plantregmap.gao-lab.org), which is based on an extended transcription factor repertoire (Tian 
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Meta-analysis of the gene-expression response to temperature
To investigate the range of response to temperature of the three clusters of genes with expression 
enhanced by temperature identified in our RNA sequencing analysis we conducted a meta-analysis 
of published data. We incorporated experiments where A. thaliana seedlings were grown at 22°C or 
23°C and transferred to 4°C (Yang et al., 2019), 10°C (Schlaen et al., 2015), 27°C (Cortijo et al., 
2017; Tasset et al., 2018), 30°C (Grinevich et al., 2019) or 37°C (Zhang et al., 2017). Counts were 
normalised and transformed to continuous data using the Voom function (Law et al., 2014) in R (R 
Core Team, 2017). Log-fold-changes of expression were calculated for each gene and experiment 
by subtracting the average value at 22°C or 23°C (depending on which one of these temperatures 
was used in the experiment). We included the genes of these clusters that showed expression in at 
least three continuous temperatures (to ensure patterns supported by multiple experiments) and a q 
value <0.01 in ANOVA using the different temperatures as treatments. 
Phototropic response of the hypocotyl
The seedlings were grown parallel to the agar surface in plastic boxes with all their sides, except the 
top, covered with black plastic to force upright growth. At the beginning of the fourth day the black 
covers were removed and the seedlings were irradiated with the white light source (100 μmolm−2 s−1) 
from one side (normally to the vertical hypocotyl) rather than from the top, at three different 
temperatures (14°C, 20°C, 28°C). The seedlings were photographed from the side at the beginning 
and at the end of the photoperiod of the fourth day. The angle of the hypocotyl with respect to the 
vertical position was measured with image processing software (Adobe Photoshop CC). 
Net carbon dioxide exchange
We used a portable gas-exchange system (LI-COR 6400, LI-COR) to measure net CO2-exchange 
(μmol CO2 m-2 s-1). This equipment automatically controls airflow (300 μmol s-1) and CO2 
concentration in the reference cell (CO2R, 400 ppm). To measure net CO2-exchange of entire 
seedlings at the hypocotyl stage we transferred these seedlings on their agar substrate to a custom-
built cylindrical chamber (20 cm3) connected to the gas-exchange system under 900 μmol m-2 s-1 
provided by an external source and at night. For young, fully expanded rosette leaves we used the 
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radiation: 2000, 1500, 1000, 750, 500, 400, 300, 200, 100, 50 and/or 0 μmol m-2 s-1). We performed 
a match calibration before each measurement, in order to maximize accuracy. We grew the plants at 
20ºC and either transferred them to 28ºC 1h before measurements or left them as 20ºC controls. We 
set the block temperature of the chamber to the corresponding temperature. 
Probability of occurrence of heat shocks
We downloaded from NOAA (National Centers for Environmental Information, 
https://www.ncdc.noaa.gov/cdo-web/confirmation) information about daily minimum and maximum 
temperatures in 20 locations (seven in Europe, four in Asia, four in Africa, three in America and two 
in Oceania) between 1 January and 31 December, 2019. We used minimum and maximum 
temperatures to calculate the average and defined the occurrence of a heat shock when the 
maximum temperature reached 35°C or more. We then plotted the frequency of occurrence of heat 
shocks as a function of the average temperature during the previous four days.  
Results
Similar impact of mutations on the responses to shade or warmth
We compared the quantitative impact of mutations in key genes on the responses of light-grown 
seedlings of A. thaliana to shade and to warmth. Under controlled conditions, we exposed the 
seedlings to all possible combinations of three temperatures (14°C, 20°C and 28°C) and four light 
environments (simulating sunlight, mild shade, moderate shade or deep shade). In the field, we 
exposed the seedlings to three light conditions (sunlight, shade by a short grass canopy and shade 
by a tall grass canopy) and the experiment was repeated on 10 different occasions to generate a 
range of temperatures. We then used multiple regression of the growth rate of each mutant (pooled 
data from controlled and field conditions, Fig. 1a) to calculate the impact of the mutations on the 
response to shade and on the response to warmth (Fig. S2). These impacts assumed values either 
lower or higher than 1 depending on whether the mutation respectively reduced or increased the 
growth rate compared to the wild type. In Fig. 1b we plot the impact on the response to shade 
against the impact on the response to warmth. Most mutants show negligible departure from the 1:1 
line, indicating that different mutations have quantitatively similar impact on the responses to shade 
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conditions, a single line shared by the different light and temperature environments accounts for 
most of the impact of each mutant with relatively small biases caused specifically by either light or 
temperature conditions (Fig. 1a). The exception is elf3. The latter mutation enhanced the response to 
shade much more than the response to warmth (Fig. 1b). In fact, in the case of elf3, there are more 
points belonging to deep shade above than below the solid line shared by the responses to both 
environmental cues (Fig. 1a).  
Correlation between PIF4 abundance and growth
Since PIF4 is required for both shade and temperature responses, we investigated the relationship 
between PIF4 protein abundance and growth. For this purpose, we measured the fluorescence 
driven by the pPIF4:PIF4-GFP transgene in epidermal and sub-epidermal hypocotyl cells (Fig. 2a, 
S3) and the luminescence driven by the pPIF4:PIF4-LUC transgene in entire seedlings (Fig. 2b). We 
observed the expected increases with shade and with warmth (Fig. 2a-b) (Lorrain et al., 2008; Koini 
et al., 2009; Legris et al., 2017). Growth rate related to PIF4 protein levels without major biases 
caused by specific light or temperature conditions (Fig. 2c-d). This would account for the similar 
impact of the pif4 mutation on both responses (Fig. 1). 
Similar impact of natural variation on the responses to shade or warmth
We compared the quantitative impact of natural variation on the response to shade or warmth. Light-
grown seedlings of A. thaliana were exposed to simulated deep shade or to warm temperature 
(28°C), and compared to the control under simulated sunlight at 20°C. Different control seedlings 
were used for shade and for warm temperature to ensure independent estimates of the effects of 
each environmental variable. We observed a strong positive correlation between the response to 
shade and the response to warm temperature across different accessions (Fig. 3).  We evaluated the 
possibility that the correlation might be the spurious consequence of different growth capacities; i.e., 
if basal growth rate is faster the impact of environmental stimuli might be stronger, independently of 
the nature of the stimulus. However, this was not the case because there was no correlation between 
basal growth and response (Fig. S4). The hypocotyl growth responses to shade and warm 
temperatures are therefore genetically linked. 
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We compared the transcriptome of seedlings grown in the light at 20°C and then either transferred to 
shade at 20°C, to light at 28°C or to shade at 28°C at the beginning of the photoperiod, or left as 
controls in the light at 20°C. The seedlings were harvested 10 h later for RNAseq. Approximately half 
of the differentially expressed genes (q <0.05) showed effects of shade and warmth in the same 
direction (either promotion or inhibition), whereas the other half responded either only to shade, only 
to warmth or to both treatments but in opposite direction (Table S2, Fig. 4). We searched for the 
overrepresented GO terms within each gene cluster (Table S3).  The terms at the top of each list 
were “developmental growth” among the genes with expression promoted by shade and warmth, 
“photosynthesis” among the genes with expression reduced by shade and warmth, “response to 
hormone stimulus” among the genes with expression enhanced only by shade, “cellular carbohydrate 
metabolic processes” among the genes with expression reduced only by shade, “response to heat”  
among both the genes with expression enhanced by warmth and reduced by shade and the genes 
with expression enhanced only by warmth  and “response to stimulus” among the genes with 
expression reduced only by warmth (Fig. 4). The occurrence of genes involved in the heat stress 
response in plants exposed to warmth is consistent with a previous report (Cortijo et al., 2017). 
Noteworthy, the GO terms “response to light stimulus” and “response to temperature 
stimulus” were overrepresented among the genes with expression decreased by both shade and 
warmth (37 and 28 genes, respectively) or by warmth alone (13 and 15 genes, respectively, Table 
S3). Meanwhile, none of these terms was overrepresented among the genes repressed by shade 
alone. Since there is relatively little overlap between the lists of genes within these two GO terms (3 
genes in the cluster referred first and 5 in the second), these results highlight the transcriptional 
overlap by showing that many genes known to respond to one cue in addition, or actually exclusively, 
responded to the other.   
The GO terms “response to hormone stimulus”, “response to auxin stimulus”, “response to 
brassinosteroid stimulus”, “regulation of hormone levels”, “auxin transport” and auxin polar transport” 
were overrepresented among the genes with expression enhanced by shade and warmth (Table S3). 
“Response to hormone stimulus” (as noted above), “response to auxin stimulus” and “response to 
brassinosteroid stimulus” were also overrepresented in the cluster of genes with expression 
enhanced only by shade (Table S3). One of the genes with expression enhanced by shade but not 
by warmth was IAA19 (Fig. S5); although IAA19 expression is also enhanced by warmth at a 
different time point (Bellstaedt et al., 2019). Conversely, the GO term “defence response” was 
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the genes with expression reduced by warmth (Table S2), Therefore, 10 h after the beginning of 
treatments, shade affected auxin and brassinosteroid genes more extensively than warmth; whilst 
warmth affected defence genes more extensively than shade.
Regarding metabolic processes, the term “photosynthesis” was overrepresented among the 
genes with expression reduced by shade and warmth (19 genes, p= 2e-07) and those reduced only 
by warmth (13 genes, p= 1e-09). These genes include those involved in the Calvin-Benson-Bassham 
cycle (8 genes, p= 0.007 and 7 genes, p= 1e-05, respectively). Sucrose biosynthesis genes showed 
the same pattern (7 genes, p= 0.04 and 6 genes, p= 0.00045). Genes involved in the biosynthesis of 
carotenoid, chlorophyll and flavonoids were also overrepresented (p <0.05) among those with 
expression reduced by shade and warmth. 
To get insight into the transcriptional network that controls gene expression in response to 
shade and/or warmth we calculated the relative enrichment of transcription factor binding target 
genes for each cluster of gene expression. Then we used hierarchical clustering to investigate the 
similarity in enrichment of transcription factor binding genes among the groups of gene expression 
shown in Figure 4. All the groups showing promotion of expression by shade grouped together, 
diverging from those showing inhibition of expression by shade at the most distant branching point 
(Fig. 5, S6). Conversely, the gene groups showing enhanced expression in response to warmth did 
not group together, diverging at the most distant branching point. This means that based on the 
signature of transcription factors potentially binding their promoters, the genes with expression 
enhanced by temperature split into a group closer to those promoted by shade and another group 
closer to those repressed by shade (Fig. 5). The putative binding target genes of PIF1, PIF3, PIF4, 
PIF5 and PIF7 are overrepresented (Tian et al., 2020) among the genes with expression enhanced 
by shade and warmth but not among the genes enhanced by warmth and repressed or unaffected by 
shade (Table S4b). Conversely, HEAT STRESS TRANSCRIPTION FACTOR A-4a (HSFA4A), 
HSFA1E, HSFA6A, HSFA6B, HSFB2A, HSFA1B/HSF3, HSFB3, HSFB4 and HSFC1 have the 
opposite pattern (Fig. S7, Table S4b). The latter is consistent with the established role of PIFs in 
shade avoidance and thermomorphogenesis (Fig. 1) and that of  HSFs in responses to heat stress 
(Ohama et al., 2017).   
 
Warm temperature enhances phototropism 
In light-grown seedlings, the low red / far-red ratios and low blue-light levels of shade promote the 
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appeared overrepresented among the genes with expression enhanced by shade and warm 
temperature (Table S2, Fig. 6a). Shade enhances seedling phototropism by increasing auxin levels 
in the hypocotyl and we observed elevated auxin signalling status (revealed by reduced DII-VENUS 
fluorescence) both under shade and warmth Fig. 6b) suggesting that phototropism might also be 
enhanced by warm temperatures. We therefore tested this hypothesis independently by growing the 
seedlings under white light at 20°C and transferring them to unilateral white light at three different 
temperatures at the beginning of the photoperiod of the fourth day (i.e., the same time protocol as in 
shade experiments but using unilateral light instead of light or shade from above). The degree of 
bending, measured 10 h later, increased with temperature (Fig. 6c). This response to warmth is 
significant because phototropism enhances tissue radiation load and therefore does not increase 
cooling.   
Shade, but not warmth, enhances the expression of repressors of shade 
avoidance.
The GO term “response to light stimulus”, including several repressors of shade avoidance such as 
HFR1 (Sessa et al., 2005; Hornitschek et al., 2009), PHYTOCHROME INTERACTING FACTOR 3-
LIKE 1 (PIL1), PHYTOCHROME RAPIDLY REGULATED 1 (PAR1) and PAR2 (Roig-Villanova et al., 
2006, 2007), was overrepresented among the genes with expression enhanced by shade, but not by 
warmth (Fig. 7a, Table S3). Neighbour cues increase the expression of HFR1 (Sessa et al., 2005) 
virtually under any tested condition (Sellaro et al., 2017). Warm temperatures can also increase 
HFR1 expression but in seedlings exposed to red-light photoperiods (Foreman et al., 2011). 
Seedlings bearing the pHFR1:LUC transgene confirmed that shade but not warmth increased the 
activity of pHFR1 (Fig. 7b). Actually, shade had effects only at 20°C but not at 14°C or 28°C. 
However, seedlings bearing the p35S:HFR1-LUC transgene, confirmed that shade reduces HFR1 
protein stability (Pacín et al., 2016) and warm temperatures have the opposite effect (Foreman et al., 
2011) (Fig. 7c). The impact of the hfr1 mutation on hypocotyl growth was similar irrespectively of 
whether growth increased in response to shade or warmth (Fig. 7d). Taken together, these 
observations indicate that despite very different mechanisms of response to these two environmental 
cues, HFR1 similarly represses the responses to shade and to warmth.   
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As noted above, the GO term “photosynthesis” was overrepresented among the genes with 
expression reduced by shade and warmth. The latter include genes within the terms “photosynthesis, 
light harvesting”, “photosynthetic electron transport chain” and “regulation of photosynthesis” (Table 
S2). The term “photosynthetic electron transport chain” was also overrepresented among the genes 
with expression reduced only by warmth (Fig. 8a). These observations prompted us to investigate 
the impact of warm temperature on the rate of net CO2 exchange in seedlings grown at 20°C and 
either left as controls or transferred to 28°C for 1h.  Figure 8b shows that increased temperature 
reduced net CO2 exchange and enhanced mitochondrial respiration (night exchange) of entire 
seedlings at the hypocotyl stage, measured inside a custom-built chamber. For a more detailed 
analysis, we used rosette leaves in combination with the LI-COR 6400-40 leaf chamber. Warm 
temperature increased the rate of respiration of the leaves measured either at the beginning or at the 
end of the night (Fig. 8c). The response curve of net CO2 exchange to photosynthetically active 
radiation revealed that warm temperature not only increased leaf respiration (net CO2 exchange at 0 
µmol.m-2.s-1) but  also lowered the maximum net CO2 exchange rates obtained at high irradiances 
(Fig. 8d).  At 28°C the leaves reached this plateau at lower irradiances than at 20°C. We used these 
data to calculate the irradiance required to achieve the daily compensation point of a leaf, i.e., the 
photosynthetically active radiation required to balance during the 10 h of the photoperiod the CO2 
released by the leaf during the night (integral of the data in Fig. 8c). Since net CO2 exchange of 
plants exposed to 28°C is more negative during the night and less positive during the day, the leaves 
of these plants require higher irradiance than those exposed to 20°C to obtain a daily net CO2 
exchange= 0 (Fig. 8d, inset). This calculation is approximate because photosynthesis rates change 
during the day but warm temperature also decreased net CO2 exchange rates during the afternoon 
(Fig. 8e), indicating that diurnal fluctuations would not modify the conclusion of this analysis. 
Thermomorphogenesis may occur under conditions where a heat shock is 
unlikely
If the function of growth responses to temperature is to reduce the risk of heat, these responses 
should occur when exposure to heat is likely. To investigate the shape of the response to 
temperature and the impact of light conditions on this response, we transferred the seedlings to 
different combinations of air temperature and light conditions ranging from simulated deep shade to 
simulated sunlight at two different irradiances. Light or shade conditions did not affect the range of 
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to shade and shallower for the plants exposed to the high-irradiance simulated sunlight (Fig. 9a). We 
calculated the activity of the photo-sensory receptors under the different light or shade conditions 
(Romero-Montepaone et al., 2020). The slope of the linear response to temperature decreased with 
photo-sensory receptor activity (Fig. 9b). Figure 9c shows that in terrestrial environments, the 
frequency of occurrence of a daily maximum temperature ≥35°C, which can be considered a 
stressful scenario for Arabidopsis (Lippmann et al., 2019), increases sharply when the average 
temperature of the previous 3 d is between 20°C and 30°C, whilst below 20°C heat is extremely 
unlikely. However, the growth rate of the hypocotyl increases linearly between 10°C and 30°C (Fig. 
9a). This indicates that thermomorphogenesis may occur within a range where a heat wave is not 
likely to take place. We did a meta-analysis of published RNA sequencing data using different 
temperatures to investigate the range of response of the different clusters with expression promoted 
by warmth (Fig. 4). Figure 9d shows that the genes with expression promoted by shade and warmth, 
where the GO term “developmental growth” is over-represented, increased their expression between 
4°C and 30°C. This correlates with the hypocotyl growth response to temperature. Conversely, the 
genes with expression promoted by warmth but not by shade, where the GO term “heat response” is 
over-represented (Fig. 4), enhanced their expression only at higher temperatures, correlating with 
the risk of heat stress (Fig. 9d).   
Discussion
The similarities between growth responses to neighbour and warm-temperature cues has long been 
recognised, but only recently, these similarities have been extended to major components of the 
sensory networks. The experiments reported here, involving side-by-side light and temperature 
treatments expand the scope of this convergence. First, the quantitative analysis of the impact of 
genetic variability, due either to mutations in key components of the network (Fig. 1) or to natural 
variation among A. thaliana accessions (Fig. 3), revealed a strong genetic linkage between both 
responses. Second, the elevation of PIF4 protein stability by neighbour cues (Hornitschek et al., 
2012) and PIF4 mRNA levels by warm temperatures (Koini et al., 2009) have been regarded as 
limiting factors in the growth response to these cues. Here we show that the growth system has 
similar quantitative sensitivity to PIF4 levels irrespectively of their enhancement by one cue or the 
other (Fig. 2c). The increased abundance of HDA9 in the warmth might contribute to this pattern by 
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2019). Third, about half of the genes that responded by shade and/or warmth responded to both in 
the same direction (Fig. 4). This convergence involves genes that respond to hormones like auxin 
and brassinosteroids, both of known importance in shade avoidance (Luccioni et al., 2002; Tao et al., 
2008) and thermomorphogenesis (Gray et al., 1998; Ibañez et al., 2018) and genes related to growth 
among those promoted by both cues. Genes involved in photosynthesis or defence (Ballaré, 2014; 
Gangappa et al., 2017) are among those repressed by both cues (Fig. 4, Table S3).  
 At each one of the levels of analysis presented above, we observed the limits of the 
convergence. First, whilst most mutations had similar effects on the responses to both cues, elf3 had 
a much stronger impact on the response to shade than on the response to warmth (Fig. 1).  This 
difference could be accounted for by the fact that warm temperatures reduce the binding of the 
evening complex to their target promoters, including PIF4 and PIF5, by a direct effect of temperature 
on the structure of the complex (Ezer et al., 2017; Silva et al., 2020). The effect of the elf3 mutation 
on the response to warmth would be reduced because under this condition ELF3 activity is already 
low in the wild type (Jung et al., 2020). Second, whilst the hfr1 mutation had a similar impact on the 
responses to shade and warmth these cues had different and even opposite effects on HFR1 
transcription and HFR1 protein stability (Fig. 7). The dynamics of HFR1 could be tailored to the 
specific patterns of shade or warmth cues, which often differ on timing, but then the effect converges. 
Third, approximately half of the genes showing differential expression responded only to shade or 
warmth or even to both cues in opposite directions (Fig. 4). 
 Thermomorphogenesis helps to place sensitive organs away from the hot surface of the soil 
(Gray et al., 1998) and improves cooling capacity (Crawford et al., 2012; Bridge et al., 2013). A 
logical deduction of those observations is that the main function of thermomorphogenesis would be 
to avoid damaging heat events. However, some of the results reported here argue against the latter 
conclusion (but not against the demonstrated effects on tissue temperature). First, 
thermomorphogenesis occurs even under conditions where heat damage is unlikely. In fact, a survey 
of the probability of exposure to heat indicates that the event is unlikely if the average temperature of 
the previous days is below 25 °C (Fig. 9c) whilst the hypocotyl growth response to temperature is 
linear in the 12-30°C range (Fig. 9a). In addition, shade reduces plant temperature (Legris et al., 
2017) and therefore the likeness of heat damage, but the growth response to temperature is steeper 
under simulated shade than under simulated sunlight conditions (Fig. 9a-b). Second, since the 
occurrence of heat and shade do not show positive correlation in nature, specific, rather than shared 
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response to the other. Yet, hypocotyl growth responses to shade and warmth show strong genetic 
linkage (Fig. 1, 2) and share cell-growth associated genes (Fig. 4). Such strong overlap is difficult to 
reconcile with a scenario where shade avoidance and thermomorphogenesis have two completely 
different ecological purposes, such as reducing the occurrence and/or severity of shade and heat 
damage, respectively. Third, some of the growth responses to warmth would increase, rather than 
decrease temperature. Enhanced phototropism by warm temperatures (Fig. 6c) would increase the 
radiation load and tissue temperature, indicating that growth responses to warmth do not necessarily 
reduce the risk of heat. 
Whilst the genes involved in thermomorphogenesis strongly overlap with those involved in 
shade avoidance (see above), genes involved in thermotolerance, such as HEAT SHOCK 
PROTEINs increased their expression in response to warmth but not in response to shade, which in 
fact reduced the expression of some of them (Fig. 4). The latter is consistent with the fact that shade 
actually reduces the probability of extreme high temperatures (Legris et al., 2017). In contrast to 
growth and growth-related gene expression, thermotolerance genes showed a range of response to 
temperature that matches the risk of heat stress (Fig. 9d). The specific control of growth responses 
to warmth (shared with shade) and tolerance responses to heat would involve the use of different 
transcription factors (Fig. 5) (Ohama et al., 2017).  
The analysis of carbon balance provided insight into other negative consequences of warm 
conditions that do not require reaching heat. Shifting to 28°C a plant previously grown at 20°C rapidly 
lowered the rate of net CO2 exchange over a wide range of values of photosynthetically active 
radiation (Fig. 8). This likely resulted from a combination of enhanced mitochondrial respiration and 
photo-respiration and reduced photosynthesis caused by warm temperatures (Dusenge et al., 2019). 
Consequently, at 28°C A. thaliana leaves required substantially more photosynthetically active 
radiation than at 20°C to reach the daily compensation point (i.e. a null net CO2 exchange during the 
24 h cycle, Fig. 8d, inset). 
We therefore propose that the major function of growth responses to warm temperature is to 
enhance shade avoidance, rather than reducing the risk of heat damage. Shared signalling supports 
shared ecological functions between growth responses to shade and warmth. Shade avoidance is 
indeed stronger under warm temperatures (Romero-Montepaone et al., 2020). Furthermore, not only 
shade (Goyal et al., 2016; Boccaccini et al., 2020) but also warm temperatures (Fig. 6c) increase 
hypocotyl phototropism which helps foraging for light. According to the proposed interpretation, the 
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warm environments would be to place the foliage at better light positions because at warm 
temperatures plants need more light to compensate their carbon balance. In fact, the rates of 
respiration (Armstrong et al., 2006), the rate of growth (Fig. 9a) and the expression of growth-related 
genes (Fig. 9d) increase over a comparable temperature range. In this context, the increased cooling 
capacity gained during thermomorphogenesis (Crawford et al., 2012; Bridge et al., 2013) would help 
to reduce respiration, complementing the enhanced ability to capture light.   
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Fig. S1. The hypocotyl-growth response observed during the first day under warmth temperatures is 
thermomorphogenic. 
Fig. S2. Calculation of the impact of different mutants on the response to shade and to warmth.
Fig. S3. Representative confocal fluorescence images of pPIF4:PIF4-GFP.
Fig. S4. The hypocotyl-growth responses to shade or warmth do not correlate with the hypocotyl 
growth rate under control condition. 
Fig. S5. IAA19 gene expression and promoter activity. 
Fig. S6. Detail of the analysis of promoter similarities. 
Fig. S7. Overrepresented transcription factor binding sites among gene clusters with expression 
enhanced by warmth.  
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Table S2.  Clusters of differentially expressed genes in response to warmth and/or shade. 
Table S3.  GO terms overrepresented among the clusters of differentially expressed genes. 
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FIGURE LEGENDS
Fig. 1. Similar quantitative impact of several mutations on the hypocotyl growth response to shade 
and to warmth. Three-day-old seedlings of the wild type Columbia of Arabidopsis thaliana and of the 
indicated mutants were exposed during the photoperiod of day 4 (10 h) to different combinations of 
light/shade and temperature either under controlled conditions (circles) or in the field (squares) and 
the growth rate was measured during this period. (a) Growth of the indicated single or multiple 
mutant plotted against the growth of the Columbia wild type grown under the same conditions. Each 
datum point represents a light/shade and temperature combination and is mean ±SE of four 
biological replicates. For each mutant, the same data are represented with the symbols 
corresponding to the light/shade conditions (left) and to the temperature conditions (right). For field 
data, the temperature symbol corresponds to the closest average temperature during the 10 h when 
growth was measured. The dotted 1:1 line represents the case of no effect of the mutation (impact= 
1). The points above and below this line indicate that the mutant responds more (impact >1) or less 
(impact <1) than the wild type, respectively. The solid line represents the relationship between the 
growth of the mutant and that of the wild type across all light/shade and temperature combinations. 
Note that for the elf3 mutant most data corresponding to deep shade are above the solid line, 
indicating that this mutation enhances more the response to shade than the response to warmth. (b) 
Impact of the different mutations on the response to shade plotted against the impact of the same 
mutation in the response to warmth. For elf3, the impact on the response to shade is significantly 
larger than the impact on the response to warmth (P <0.01) in ANOVA followed by Bonferroni tests. 
The impacts ±SE were calculated by multiple linear regression analysis from the data shown in (a).
Fig. 2. The abundance of PIF4 correlates with hypocotyl growth rates under shade and warmth. (a) 
Fluorescence driven by the pPIF4:PIF4-GFP transgene in hypocotyl epidermal and sub-epidermal 
cells. (b) Luminescence driven by the pPIF4:PIF4-LUC transgene. (c-d) Hypocotyl growth plotted 
against the PIF4 data shown in (a) and (b), respectively. Three-day-old seedlings of the wild type 
Columbia of Arabidopsis thaliana and of the indicated mutants were exposed during the photoperiod 
of day 4 (10 h) to different combinations of light/shade and temperature. Each datum point is mean 
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Fig. 3. Correlation of natural variation in hypocotyl-growth responses to shade and warmth. Three-
day-old seedlings of different accessions of Arabidopsis thaliana (Supporting Information Table S1) 
were exposed during the photoperiod of day 4 (10 h) to light at 20°C (control), light at 28°C (warmth) 
or deep shade at 20°C. The differences in hypocotyl growth rates between warmth and control 
conditions is plotted against the difference between shade and control conditions. Each datum point 
is mean ±SE of four biological replicates. The genetic correlation between the response to warmth 
and the response to shade (calculated for the accession means as the ratio between the covariance 
between both traits and the product of the square roots of the among accession variance for each 
trait (Falconer & Mackay, 1996)) is 0.69 and the significance is indicated. Two accessions (Cas-0, 
Ms-0) showed significantly stronger response to shade than to warmth (P <0.05) in ANOVA followed 
by Bonferroni tests. 
Fig. 4. Convergent and divergent transcriptome responses to shade and warmth. Differentially 
expressed genes were grouped according to the promotion (↑) or inhibition (↓) caused by deep 
shade and/or warmth (28°C) in Arabidopsis thaliana. The parts-to-a-whole chart shows the 
proportion and absolute numbers of differentially expressed genes within each group. The 
surrounding box‐plots show median, 1–3 interquartile range and maximum-minimum interval of the 
log-fold changes of expression of each gene of the cluster corresponding to its top overrepresented 
GO term (except when no significant terms are present). Each datum point represents the difference 
between the average Voom transformed count data corresponding to the indicated condition and the 
control (light, 20°C). Averages are based on three biological replicates (Supporting Information Table 
S2). The size and colour of the circles indicate the fold enrichment and its statistical significance. 
Fig. 5. Different signatures of transcription factor binding for the genes with expression enhanced by 
warmth and either promoted or unaffected/inhibited by shade in Arabidopsis thaliana. The 
enrichment of transcription factor binding target genes (Chow et al., 2019) was calculated for the 
gene clusters defined by expression increased (↑) or decreased (↓) by shade and/or warmth (Fig. 4). 
Similar signatures appear closer in the tree generated by hierarchical clustering.  Bootstrap 
probability values (blue, above) and approximately unbiased probability values (orange, below) are 
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Fig. 6. Warm temperatures increase phototropism in Arabidopsis thaliana. (a) The GO term “tropism” 
is overrepresented among the genes with expression enhanced by warmth (28°C). Box‐plots show 
median, 1–3 interquartile range and maximum-minimum interval of the log-fold changes of 
expression of each gene of the cluster corresponding to the indicated GO term. Each datum point 
represents the difference between the average Voom transformed count data corresponding to the 
indicated condition and the control (light, 20°C). Averages are based on three biological replicates 
(Supporting Information Table S2). (b) Normalised fluorescence driven by DII-VENUS in the 
hypocotyl is reduced by deep shade as well as warmth (28°C). Reduced DII-VENUS fluorescence 
indicates stronger auxin signalling. Data are means ±SE of four biological replicates (c) Hypocotyl 
curvature in response to unilateral blue light provided at the indicated temperature. Data are means 
±SE of four biological replicates. The significance of the regression is indicated. 
Fig. 7. HFR1 similarly affects hypocotyl growth responses to shade and warmth despite different 
transcriptional and post-transcriptional responses to these cues in Arabidopsis thaliana. (a) The GO 
term “shade avoidance” is overrepresented among the genes with expression enhanced by shade. 
Box‐plots show median, 1–3 interquartile range and maximum-minimum interval of the log-fold 
changes of expression of each gene of the cluster corresponding to the indicated GO term plus 
HFR1. Each datum point represents the difference between the average Voom transformed count 
data corresponding to the indicated condition and the control (light, 20°C). Averages are based on 
three biological replicates (Supporting Information Table S2). (b) Luminescence driven by the 
pHFR1:LUC transgene. (c) Luminescence driven by the p35S:HFR1-LUC transgene.  (d) Growth of 
the hfr1 mutant plotted against the growth of the Columbia wild type grown under the same 
conditions. Note that neither light nor temperature conditions cause departures from the solid line. 
Dotted line represents the case of no impact of the mutation. Each datum point is mean ±SE of three 
(b-c) four (d) replicate boxes.
Fig. 8. Warm temperatures compromise the carbon balance in Arabidopsis thaliana. (a) The GO 
term “photosynthetic electron transport chain” is overrepresented among the genes with expression 
reduced by warmth. Box‐plots show median, 1–3 interquartile range and maximum-minimum interval 
of the log-fold changes of expression of each gene of the cluster corresponding to the indicated GO 
term. Each datum point represents the difference between the average Voom transformed count 
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three biological replicates (Supporting Information Table S2). (b) Warm temperature decreases 
daytime carbon dioxide gains and enhances night-time respiration in entire seedlings at the 
hypocotyl stage. Measurements were conducted 8-10 h after the beginning of the photoperiod and 
0.5-2.5 h after the beginning of the night (photosynthetically active radiation: 900 and 0 μmol m-2 s-1, 
respectively). Box‐plots show median, 1–3 interquartile range and maximum-minimum interval of 9 
replicate boxes with seedlings expressed per unit dry weight. (c) Warm temperature enhances 
respiration of rosette leaves measured 0.5-2.5 h and 12-14 h after the beginning of the night. 
Box‐plots show median, 1–3 interquartile range and maximum-minimum interval of 13-15 replicates. 
(d) Leaf net carbon dioxide exchange rates measured 2-6 h after the beginning of the photoperiod 
plotted against photosynthetically active radiation. Data are means ±SE of nine plants. The inset 
shows a detail of the response curves where the horizontal lines indicate the net carbon dioxide 
exchange rates required during the day to compensate carbon losses during the night (from c) at 
each temperature (calculated for a rosette leaf). The arrows point to the photosynthetically active 
radiation required to achieve the daily compensation point of leaf net carbon dioxide exchange. (e) 
Warm temperature reduces net carbon dioxide exchange rates of rosette leaves 8-10 h after the 
beginning of the photoperiod (2000 μmol m-2 s-1). Box‐plots show median, 1–3 interquartile range 
and maximum-minimum interval of 15 replicates. In b-c, e, significant effects of temperature are 
indicated. 
Fig. 9. Growth responses to temperature can occur within a range where heat stress events are 
unlikely. (a) Growth rate of Arabidopsis thaliana under the indicated light/shade conditions plotted 
against temperature. (b) Slope of the response shown in (a) plotted against photoreceptor activity 
calculated on the basis of light/shade conditions (the sum of the terms corresponding to phyB, 
phytochrome A and cryptochrome activities in the model by Romero-Montepaone et al., 2020). (c) 
Frequency of occurrence of maximum temperatures equal or higher than 35°C as affected by the 
average temperature during the 4 previous days. (d) Meta-analysis based on publicly available RNA 
sequencing data of de gene clusters that showed expression enhanced by warm temperatures (see 
Fig. 4). The pattern of the cluster with expression enhanced by shade and warmth correlates with the 
growth response (from a). The pattern of the clusters with expression enhanced by warmth and 
either unaffected or repressed by shade correlates with the frequency of occurrence of maximum 
temperatures equal or higher than 35°C (from c). In a-b, d, error bars are SE. 
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